Thermal rectification requires that thermal conductivity not be a separable function of position and temperature. Investigators have considered inhomogeneous solids to design thermal rectifiers but manipulations of solid lattices are energy intensive. We propose a thermal logic device based on asymmetric solid-fluid resistances that couples two fluid reservoirs separated by solid-fluid interfaces. It is the thermal analog of a three terminal transistor, the hot reservoir being the emitter, the cold reservoir the output, and smaller input reservoirs as the base.
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Thermal rectification is a key requirement for any thermal logic device. Mathematically, a sufficient condition for rectification is that the thermal conductivity k (or inverse resistance 1/R), which is intrinsically a function of position and temperature, is not functionally separable, i.e.,
k(x,T) ≠ f(x) g(T)
. Because this inequality is satisfied for inhomogeneous or asymmetric materials, investigators have almost exclusively designed thermal logic devices using inhomogeneous solids. The fixed structures of solids can be also tuned by applying mechanical stress. 1, 2 Since incompressible fluids are generally homogeneous, these have been typically ignored for such use. Often it is important to be able to tune such devices for specific applications. However, structural manipulations of solid lattices are much more energy intensive than methods to change the structure that alter the wettability of solid-liquid interfaces. [3] [4] [5] [6] For instance, in a solid-fluid system, altering the cold-side thermal resistance by changing surface wetting leads to thermal rectification. 5, 7 Changing the interfacial resistance adjacent to the hot wall or the overall bulk thermal resistance also produces rectification although these changes are not as effective. 3 Here we propose a thermal logic device based on asymmetric solid-fluid resistances. The resulting device is similar in principal to an electronic circuit containing interconnected components with disparate electrical resistances.
The ability to control thermal transport without changing its driving potential, i.e., the temperature difference across the system, opens up the possibility of designing innovative devices based on thermal logic. By employing interconnected thermal rheostats, diodes and gates that control the direction and magnitude of heat transfer, thermal logic devices could transport data using GHz frequency phonon thermal currents. These devices could enhance energy conservation, e.g., through better solar energy collectors, energy-efficient buildings and appliances such as refrigerators, lead to thermal digital computers that use phonons rather than 3 electron transport, and improve the thermal management of power systems. [8] [9] [10] They could use the waste heat from electronic devices, producing significant power savings. By taking advantage of the nonlinearity of the lattice dynamics that influences thermal conductivity, thermal logic devices could be made strongly nonlinear and therefore more tunable.
11
While hypothetical thermal logic devices based on thermal control that contain similar elements to electronic logic have been discussed, 6, 7, 9, 12 the fabrication of thermally based diodes, transistors and logic circuits has remained elusive. The fundamental problem is that, unlike electrons that are point particles with fixed properties, heat carrying phonons are diffuse energy carriers whose properties are changeable. 13 This is a seemingly intractable issue at the macroscale. However, the nanoscale provides intriguing possibilities for thermal logic by manipulating phonon transport 12 .
Since mass disorder alters the thermal conductivity of a nanomaterial, 13 mass reorganization can also lead to a varying thermal conductivity. This can be exploited to devise thermal rectification, 14 e.g., through a thermal diode, where the heat flux is directionally dependent. 3, 4, 12, [15] [16] [17] Complete rectification allows the material to behave both as a conductor and an insulator depending upon the direction of heat transfer.
A temperature difference ΔT that produces a thermal flux q overcomes the system resistance R = ΔT/q > 0. With rectification, q, hence R, depends upon the direction in which the gradient (ΔT/Δx) is imposed. Consequently, q l®r ¹ q r®l , where l and r denote the left and right faces of the material. 3 To design a thermal analogy to a semiconductor device, such as the tunnel diode, k(x,T) must be manipulated to decrease q with increasing ΔT and thus produce a negative differential thermal resistance ΔR. 6, 12, 18 For the same hot and cold temperatures, respectively T h and T c , such a device will have multiple stable steady states.
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Our conceptual thermal logic device couples three fluid reservoirs that are separated by two walls, as illustrated in Fig. 1 . The system is periodic so that the fluid between interfaces 1 and 4, moving from left to right, is essentially contained in the same reservoir, as are the fluids in the top and bottom reservoirs (above and below the walls). In the middle of each reservoir, a thin volumetric fluid layer is maintained at fixed temperatures on the hot and cold sides, respectively T h or T c . This facilitates the heat fluxes q h and q c in these hot and cold reservoirs, as shown in -(s ij / r ij ) 6 ) + (Q i Q j ) / r ij , where  ij and  ij denote the L-J interaction parameters, r ij the scalar distance between sites i and j (we note that water includes 2 H sites and one O site water to account for the orientation of water), and Q i and Q j the charges on these sites. Depending on the type of wall surface that is desired, Q i, or Q j can be set to zero or imparted the values ± to make a surface hydrophilic. The SPC potential is used, since it realistically represents water properties, including the thermal conductivity for high density and supercritical fluids. 21 Si is modeled with an L-J potential and three-body interactions are indirectly enforced for its coordinated tetrahedral bonded structure by tethering these atoms to their equilibrium sites. Cross interactions are modeled using Lorentz-Berthelot mixing rules and the reaction field method replicates long-range interactions. A cutoff distance of 9.5Å is used.
The system is ~12 nm long and 4.25 nm wide with a depth (in the plane of Fig. 1a ) of 2 nm.
Periodic boundary conditions are applied.
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When all four faces are inert, i.e., Q i = 0 for each of the four walls, and T i is varied, the fluxes adjust linearly to the specified values of T h and T c , as shown in Fig. 2 in reduced units. As T i increases, so do q c and q i whereas q h decreases. This allows us to identify three regions where (1) q h > q c , (2) q h < q c and q i < q c , and (3) increases that of R for the hot wall but decreases this solid-fluid resistance at the cold wall.
The nature of a nanoscale interface significantly influences thermal transport through the combined effect of the fluid-and solid-side resistances. [23] [24] [25] Retaining the inert interfaces 2 and 4, as denoted in Fig. 1a , but making interfaces 1 and 3 hydrophilic by imparting ± charges to the corresponding walls, introduces asymmetry. The system now behaves differently from the interactions shown in Fig. 2 . This is illustrated through the nonlinear responses of q h , q c and q i to T i . In particular, there are now two regions where either (∂q h /∂T i ) or (∂q c /∂T i ) ≈0, which increases the value of * to at least unity. While the overall temperature profiles for a particular T i for this system are similar to those shown in Fig. 3 , there are subtle differences related to the temperature discontinuities across the hot and cold walls that alter the corresponding values of R.
When (∂q h /∂T i ) ≤ 0, there is a near zero (or slightly negative) differential thermal resistance to heat flow, i.e., q h is virtually unchanged or slightly decreases with an increasing temperature difference ΔT = (T h -T i ). This ability of the system to resist the potential for greater heat transfer 7 enables it to behave as a logic device. 6, 7, 9, 12 Plotted differently in Fig These results demonstrate the conceptual feasibility of both thermal rectification and thermal logic in a fluid based device. Since it is simpler to alter the wettability of solid-liquid interfaces than to produce inhomogeneous solids, our approach could be more feasible for realistic applications. 
